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Abstract— The introduction of automated vehicles
demands a way to prove their safe operation. How-
ever, validating the safety of automated vehicles is
still an unsolved problem. While the scenario-based
test approach seems to provide a possible solution,
it requires the execution of a high amount of test
cases. Several test benches, from actual test vehicles to
partly or fully simulated environments, are available,
but choosing the optimal test bench, e.g. in terms
of required execution time and costs, is a difficult
task. Every test bench provides different elements,
e.g. simulation models which can be used for test
case execution. The composition of elements at a
specific test bench is called test bench configuration.
This test bench configuration determines the actual
performance of a test bench and, therefore, whether
the run of a particular test case provides valid test
case results with respect to the intended purpose,
e.g. a safety validation. For an effective and efficient
test case execution, a method is required to assign
test cases to the most appropriate test bench con-
figuration. Therefore, it is indispensable to have a
method to classify test bench configurations in a clear
and reproducible manner. In this paper, we propose
a method for classifying test benches and test bench
configurations and illustrate the classification method
with some examples. The classification method serves
as a basis for a systematic assignment of test cases to
test bench configurations which allows for an effective
and efficient test case execution.
I. Introduction
Validating that the vehicle behaves safely is a challenge
in the introduction of automated vehicles with an SAE
Level ≥ 3 [1]. A conventional, distance-based validation
as used for driver assistance systems is not applicable
for reasons of time and cost [2]; however, the scenario-
based test approach seems to offer a possible solution [3].
Bagschik et al. [4] and Menzel et al. [5] propose a method
for deriving scenarios during the development process,
which then can be used to derive test cases. Applying this
method results in a high amount of test cases, which need
to be executed. For the execution of a test case, there are
several test benches available, from actual test vehicles
to partly or fully simulated environments. Choosing the
optimal test bench is a challenging task. There are several
reasons to use simulative test methods, if applicable,
instead of actual driving tests: e.g. test case execution
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can be faster than real time, the developed simulation
models can be used several times, there are reproducible
test conditions, the risk to people and material is greatly
reduced when testing safety-relevant driving functions,
and it might be possible to reduce costs in the develop-
ment process. Therefore, test cases should be executed
with simulative test methods whenever possible.
Whether a test case can be executed with a specific test
bench depends on the properties of this test bench. Every
test bench provides different elements, partially with the
same purpose, e.g. different vehicle dynamics simulation
models with different accuracies and execution times.
The composition of these elements determines the actual
performance of the test bench and therefore whether
the run of a particular test case with this test bench
configuration provides valid test case results. Valid test
case results are test case results that can be used for the
intended purpose, for example a safety validation. Only if
validated simulation models with respect to the intended
purpose are used for the run of a test case can valid
test case results be generated with the corresponding
test bench configuration. Only then is a valid statement,
e.g. for a safety validation, possible.
Currently, in a distance-based test approach, as used
for driver assistance systems, test cases are mostly exe-
cuted in form of driving tests with various test vehicles.
When simulation is used for test case execution, experts
decide manually which simulation models and, thus,
which test bench configuration should be used. There-
fore, experts decide which test bench configurations may
be valid. In order to check this validity after test case exe-
cution, it is still common that experts manually compare
graphs from simulation data and measurement data from
driving tests [6]. Within the scope of safety validation of
automated vehicles, the significance is limited with this
manual and subjective expert-based method.
Especially, because of the large number of test cases
and different elements provided at test benches it is no
longer feasible to manually select test bench configura-
tions for each test case in order to generate valid test
case results effectively and efficiently. For efficient and
effective execution of the large number of test cases, an
automated assignment of test cases to the most appro-
priate test bench configuration is required. For that, a
method for an unambiguous classification of test benches
and test bench configurations is indispensable in order to
formalize the properties of a test bench and in particular
the properties of the possible test bench configurations.
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There are generic approaches to classify test methods
(e.g. [7]) and test benches (e.g. [8] or [9]). However,
these generic classification methods do not take into
account the specific elements (e.g. simulation models)
which are available at a specific test bench. For the
classification of test benches and test bench configura-
tions, the consideration of the elements provided at a
specific test bench is absolutely necessary. Therefore, an
unambiguous classification of test bench configurations
is not possible with these methods.
In this paper, we propose a method to unambiguously
classify test benches and test bench configurations. For
this, we systematically derive dimensions to classify all
the functionalities that a test bench needs to provide in
order to execute a test case. The dimensions are identified
by an analysis of a functional system architecture of an
automated vehicle and its interactions with the driver
or user and the environment. This classification method
serves as the basis for a systematic assignment of test
cases to test bench configurations in order to execute
test cases efficiently and effectively.
This paper is structured as follows: Section II gives
a short motivation based on selected related work re-
garding classification methods for test methods and test
benches. Section III presents the proposed method for
classifying test benches and test bench configurations.
Afterwards, in section IV the proposed classification
method is evaluated by showing various examples of test
benches and test bench configurations. Finally, section V
gives a conclusion and addresses future work.
II. Related Work
Studies have classified various test methods and test
benches by their components, but the components used
for this classification vary. In this section, three classifica-
tion methods, including the distinguished test methods
or test benches, are reviewed.
Strasser [8] classifies test benches based on the struc-
ture of a human machine system, as shown in Fig. 1.
It consists of four modules: driver, environment, vehicle,
and electric vehicle system that represents the test ob-
ject. Each module can be simulated or real. Due to the
combination of simulated and real modules, Strasser [8]
classifies the test benches software-in-the-loop, hardware-
in-the-loop, driver-in-the-loop, vehicle-in-the-loop, and
test vehicles (onboard test or rapid prototyping). How-
ever, this binary classification of simulated and real mod-
ules is not able to clearly classify every element of a test
bench. As an example Schuldt et al. [7] mention a balloon
vehicle, which is neither a real nor a simulated vehicle,
but is emulated by a hardware with similar dimensions.
This distinction may be significant for testing sensors
because sensor data representing the balloon vehicle
may be different from the sensor data of a real or a
simulated vehicle. For this reason, based on Wachenfeld
& Winner [2] Schuldt et al. [7] suggest the classification of
emulated components between real and simulated ones.
Fig. 1. Structure of a human machine system, based on Bubb &
Schmidtke [10], translated from Strasser [8]
Von Neumann-Cosel [9] classifies test benches based
on the interaction of the driving function (a combi-
nation of sensors, algorithms, and actuators) with the
driver, the vehicle, and the environment, as shown in
Fig. 2. Each component can be simulated or real. Due to
the combination of simulated and real components, von
Neumann-Cosel [9] classifies the test benches concept-
in-the-loop, software-in-the-loop, hardware-in-the-loop,
driver-in-the-loop, vehicle-in-the-loop, and a test vehicle
with a driving robot, which operates the steering wheel
and pedals and thereby replaces the driver.
Fig. 2. Interaction of the driving function with the driver, vehicle,
and environment, translated from von Neumann-Cosel [9]
Based on Schuldt et al. [7] Schuldt [3] classifies test
methods in different dimensions: test object, driver be-
havior, (residual) vehicle, vehicle dynamics, (residual)
perception, road users, and scenery. Each dimension can
be simulated, emulated or real. With the combination
of these dimensions Schuldt [3] classifies the test meth-
ods software-in-the-loop, hardware-in-the-loop, driver-
in-the-loop, vehicle-hardware-in-the-loop, and vehicle-in-
the-loop. To visualize the results, Schuldt [3] uses radar
charts, where every spoke represents a dimension of the
test method. An empty radar chart is shown in Fig. 3.
The authors of the mentioned publications classify test
benches and test methods in a generic way. So far, we
have not found any publications which propose methods
to classify specific test bench configurations. This is
indispensable for an automated assignment of test cases
to test bench configurations. For this reason, we propose
a method for the classification of test benches and test
bench configurations in the next section.
Fig. 3. Empty radar chart with the stages: 1 = simulated,
2 = emulated, 3 = real, translated from Schuldt [3]
III. Classification method for test benches
and test bench configurations
The proposed classification method is based on func-
tionalities which need to be provided at a test bench
to execute a test case. To derive these functionalities
in a systematic way, we examine how an automated
vehicle interacts with its environment and a driver or
a user within a scenario. First, we take a look at a test
bench where all elements are real (test vehicle). Secondly,
we take a look at a test bench where all elements are
simulated (software-in-the-loop test bench). Thus, we
examine the two extreme characteristics of test benches.
Steimle et al. [11] describe that a test case con-
sists of a scenario and evaluation criteria. According to
Bagschik et al. [12], based on Schuldt [3], a scenario can
be structured by the 5-layer model. Therefore, a scenario
consists of the road-level, traffic infrastructure, tempo-
rary manipulation of road-level and traffic infrastructure,
movable objects, and environment conditions.
A distinction between driver and user is considered
meaningful since there is only a user and not a driver
in automated mode, who interacts with the vehicle.
Depending on the automation level of the vehicle, the
user can take over control by driving him- or herself.
The functionalities of an automated vehicle are de-
scribed with a functional system architecture developed
at the Institute of Control Engineering of the TU Braun-
schweig. This architecture was repeatedly discussed and
evolved (e.g. in [13], [14] or [15]). For the complete
functional description of an automated vehicle, this
architecture requires two additional functional blocks:
“vehicle dynamics” and “residual vehicle functionalities”.
The “vehicle dynamics” describes the movement of an au-
tomated vehicle in the environment due to the actuation
of the actuators. The “residual vehicle functionalities”
describe functionalities of the components which are not
directly required for operating the automation system,
but are necessary for the complete functional description
of an automated vehicle. Fig. 4 shows the resulting func-
tional system architecture of an automated vehicle. The
automation system and the vehicle functionalities are
color coded and named. The residual vehicle function-
alities can influence the functional blocks of the vehicle
functionalities which are relevant for the automation
system and vice versa. This can indirectly influence
the automation system. For clarity, these connections
are only drawn to the vehicle functionalities which are
relevant for the automation system and not to each
individual functional block. For a more detailed overview
and explanation of the other functional blocks shown in
Fig. 4, see [13] or [15].
Fig. 4. Functional system architecture of an automated vehicle,
based on Matthaei & Maurer [13]
An automated test vehicle moves in a real environment
and may be controlled by a real driver or user. This
means, the interfaces of the functional system architec-
ture shown in Fig. 4, which describes the automated
vehicle, communicate with the real environment and the
real driver or user. To operate the automation system
at a software-in-the-loop test bench, the interfaces com-
municate with a simulated environment and a simulated
driver or user. Consequently, a simulation environment
must provide the same data for the interfaces of the
automation system.
Based on these two extreme characteristics, the func-
tionalities of a test bench can be described in a structured
manner. Radar charts are suitable for a clear presenta-
tion of this multi-dimensional description. Each dimen-
sion of the radar chart represents a specific functionality
of a test bench. Each dimension may be real, emulated
or simulated. Therefore, we use a nominal scale with
the discretization stages real, emulated, and simulated
to subdivide each dimension. The proposed definitions
of these three stages are listed below:
• Real: If an element is real, it will be used as planned
in the target vehicle.
• Emulated: If an element is emulated, a comparable
element with respect to the target hardware that be-
haves like the real element is used. At the interfaces
the emulated element shows identical functionality
and behavior. [3]
• Simulated: If an element is simulated, a simula-
tion model which shows identical functionality and
behavior is used. The simulation model has no
hardware reference and is implemented exclusively
in software. [3]
These three stages and definitions reflect our current
state of research. The question remains as to whether
the discretization of the dimensions with three stages is
sufficient for a test case assignment method. A further
subdivision of the stages may be required to allow a more
accurate classification of the elements, for example, to be
able to distinguish different development stages of a real
element. However, this more detailed discretization does
not argue against the proposed classification method, but
extends it. Further investigations are necessary in the
development of the test case assignment method.
The derived dimensions are used to classify test
benches and test bench configurations. Thereby, the test
methods are classified as well. Fig. 5 shows the derived
dimensions in a radar chart. At a test bench, each
functionality is implemented by one or more elements,
e.g. for the dimension environment sensor system, a real
sensor or a sensor simulation model. Therefore, to clearly
classify test benches and test bench configurations, we
have to consider the specific elements provided at a
test bench. Examples of real, emulated, and simulated
elements at each dimension are listed in Tab. I. The
derived dimensions with proposed definitions are listed
below.
• Test object: The test object describes the system
components to be tested, including the execution
platform [3].
• Driver / User behavior: The driver / user behav-
ior describes the behavior of the driver or the user
and the operation of the interfaces of the vehicle [3].
• Vehicle dynamics: The vehicle dynamics describe
the movement of the vehicle [3].
• Environment sensor system: The environment
sensor system describes the characteristics of the
environment sensors [3].
• Scenery: The scenery subsumes all geo-spatially
stationary elements of the environment [16].
• Movable objects: Movable objects describes ob-
jects that are moving through kinetic energy or have
the ability to move through energy or abilities [16].
• Environmental conditions: Environmental con-
ditions are external influences, such as weather and
lighting conditions [12].
• Localization sensor system: The localization sen-
sor system describes the characteristics of the sen-
sors used for localization.
• V2X communication: The V2X communication
describes wireless communication with other ele-
ments.
• Residual vehicle: The residual vehicle describes
the elements of the vehicle which, in addition to
the elements of the remaining dimensions, are ad-
ditionally required for the operation of the test
object. The residual vehicle does not have to cover
all vehicle functionalities, but only the parts that
are needed for the operation of the test object.
However, the residual vehicle can also cover other
vehicle functionalities that are not required for the
operation of the test object.
A test bench can have various elements in one dimen-
sion and stage. For example, in the dimension vehicle
dynamics at the stage simulated, there might exist the
elements single-track simulation model and double-track
simulation model.
Each element has certain characteristics, such as va-
lidity, costs per operating time, and complexity in terms
of necessary execution time.
In all dimensions a combination of simulated, em-
ulated, and real elements of the respective dimension
might exist. Thus, in a test case execution with a
vehicle-in-the-loop test bench, real vehicles might exist
as movable objects and additionally emulated vehicles
might exist as movable objects when balloon vehicles
are used. Both are perceived by the present environment
sensors. In addition, simulated vehicles might exist as
movable objects, which are perceived by sensor models. A
detailed description of a vehicle-in-the-loop test method
can be found in Berg [17]. Hallerbach et al. [18] call the
concept of transferring perceived simulated objects to
an automated driving function prototype-in-the-loop. In
this approach, a real vehicle is continuously interacting
with a traffic simulation while driving on a real-world
proving ground.
Fig. 5. Empty radar chart with the stages: 1 = simulated,
2 = emulated and 3 = real
TABLE I
Examples of real, emulated, and simulated elements at each proposed dimension
Dimension Real element Emulated element Simulated element
Test object series control unit rapid prototyping control unit program code in development software
Driver / user test driver driving robot (that moves the steering driver simulation model
behavior wheel)
Vehicle vehicle dynamics of vehicle dynamics of another vehicle which vehicle dynamics simulation model that
dynamics the series vehicle behaves identical to the series vehicle calculates the movement of the vehicle
Environment series radar sensor pre-series radar sensor radar simulation model
sensor system
Scenery real curb or real tree artificial curb or artificial tree simulation model of a curb or tree
Movable series vehicle balloon vehicle or crash target vehicle simulation model
objects
Environmental real rain or wetted lane or artificially rain simulation model
conditions real fog generated rain
Localization series localization development localization sensor system localization simulation model
sensor system sensor system
Vehicle-to-X (V2X) V2X-data generated V2X-data generated by replicated V2X-data generated by
communication by an other vehicle transmitter like prototypical hardware a V2X-simulation model
Residual series vehicle is similar vehicle or similar hardware rest-bus simulation model
vehicle used to operate is used to operate the test object is used to operate the test object
the test object
IV. Example classifications
In this section, the proposed method for classifying
test benches and test bench configurations is evaluated
by showing various examples. First, two example test
benches are classified and, subsequently, two test bench
configurations are derived and classified.
A. Classification of test benches
For the classification of test benches, all elements
which are provided at a specific test bench have to be
taken into account. Therefor, the dimension environment
sensor system has to be substantiated by the type of
sensors available at a test bench because normally there
is more than one type of environment sensors.
Fig. 6 shows the classification of a specific software-in-
the-loop test bench with all elements available at each
dimension and stage. This test bench provides two vehi-
cle dynamics models: one single-track simulation model
and one double-track simulation model. Therefore, we
have two elements in the dimension vehicle dynamics
at stage simulated. To emphasize these two simulation
models, they are not drawn exactly on the arrow, but
slightly offset. Furthermore, there is one radar simulation
model and one camera simulation model. Therefore, we
substantiated the dimension environment sensor system
by dimension radar and camera. Each of these dimen-
sions includes the corresponding simulation model. For
the sake of simplicity, this software-in-the-loop test bench
provides one simulated element in all other dimension.
Fig. 7 shows the classification of a specific test vehicle
with all elements available in each dimension and stage.
For the sake of simplicity, this test vehicle provides one
element in every dimension.
Every element shown in Fig. 6 and Fig. 7 has certain
characteristics, such as validity, costs per operating time,
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Fig. 6. Classification of a specific software-in-the-loop test bench
by a radar chart with the stages: 1 = simulated, 2 = emulated and
3 = real (blue dots represent elements at this test bench)
and complexity in terms of necessary execution time.
Therefore, each test bench has certain properties. These
characteristics are not part of this paper.
B. Classification of test bench configurations
Based on the classification of test benches, we have to
derive test bench configurations in order to execute a test
case. For this, every possible composition of the available
elements must be taken into account.
Based on the classification of the software-in-the-loop
test bench shown in Fig. 6, we derive two test bench
configurations. Fig. 8 shows the classification of the test
bench configuration 1, which contains the single-track
Emulated 
vehicle 
dynamics
Emulated 
vehicle
Real 
existing 
driver / user
Emulated 
V2X com-
munication
system
Emulated 
localization
sensor system
Real existing
environmental
conditions
Real 
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Pre-series
camera
Pre-series
radar
Final control 
unit with 
automation 
system
Fig. 7. Classification of a specific test vehicle by a radar chart
with the stages: 1 = simulated, 2 = emulated and 3 = real (blue
dots represent elements at this test bench)
simulation model. For the sake of clarity, the remaining
elements are not listed. These elements are shown in
Fig. 6. The orange line visualizes the composition of
the elements which are part of this test bench config-
uration. The test bench configuration 2, which contains
the double-track simulation model, can be classified the
same way.
Single-track
simulation
model
Fig. 8. Classification of the test bench configuration 1 by a radar
chart with the stages: 1 = simulated, 2 = emulated and 3 = real
(blue dots represent elements at this test bench configuration, the
orange line visualizes the composition of elements)
As a result, we have two different test bench config-
urations, each consisting of a different composition of
elements. In this case every test bench configuration has
a different simulation model for the dimension vehicle
dynamics. The actual performance of the test bench is
determined by the used test bench configuration. De-
pending on the used test bench configuration the run
of a specific test case may or may not provide valid test
case results. However, only if valid test case results are
generated, can they be used for a safety validation.
By this classification, it is thus possible to classify the
properties of test bench configurations which serve as a
basis for a systematic test case assignment.
V. Conclusion & Future Research
In this paper, a method for the classification of test
benches and test bench configurations was presented.
The classification is done by radar charts, where each
dimension represents a specific functionality a test bench
has to provide in order to execute a test case. To derive
these functionalities in a systematic way, we have ana-
lyzed the interfaces of a functional system architecture
of an automated vehicle which we have connected with
a driver or a user and the environment. On this basis,
dimensions for classifying test benches and test bench
configurations were derived and a definition for each
dimension was proposed. For the evaluation of the clas-
sification method, we have illustrated selected examples
of test benches and test bench configurations.
This classification method serves as a basis for a
method to assign test cases to test bench configurations
with regard to efficient and effective testing. Currently,
we are working on the test case assignment method.
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